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a  b  s  t  r  a  c  t
Exposure  to ultraviolet  (UV)  light  can  cause  skin  photoaging,  which  is  associated  with
upregulation  of matrix  metalloproteinases  (MMPs)  and  downregulation  of  collagen  syn-
thesis.  It has  been  reported  that  MMPs,  especially  MMP-1,  MMP-3  and  MMP-9,  decrease  the
elasticity of  the  dermis  by degrading  collagen.  In this  study,  we assessed  the  effects  of  Pinus
densiﬂora  extract  (PDE)  on  photoaging  and  investigated  its  mechanism  of action  in human
skin ﬁbroblast  (Hs68)  cells after  UVB  exposure  using  real-time  polymerase  chain  reaction,
Western  blot  analysis,  and  enzymatic  activity  assays.  PDE  exhibited  an  antioxidant  activity
and inhibited  elastase  activities  in  vitro.  We  also  found  that PDE  inhibited  UVB-induced
cytotoxicity,  MMP-1  production  and  expression  of  MMP-1,  -3  and  -9  mRNA  in Hs68 cells.
In addition,  PDE  decreased  UVB-induced  MMP-2  activity  and  MMP-2  mRNA  expression.
Moreover,  PDE  prevented  the  decrease  of  type  I procollagen  mediated  by exposure  to UVB
irradiation,  an effect  that  is linked  to the upregulation  and  downregulation  of Smad3  and
Smad7, respectively.  Another  effect  of UV irradiation  is to stimulate  activator  protein  1  (AP-
1) activity  via  overexpression  of  c-Jun/c-Fos,  which,  in  turn,  upregulates  MMP-1,  -3,  and
-9. In  this  study,  we  found  that  PDE  suppressed  UV-induced  c-Jun  and  c-Fos  mRNA  expres-
sion.  Taken  together,  these  results  demonstrate  that  PDE  regulates  UVB-induced  expression
of MMPs  and  type  I procollagen  synthesis  by inhibiting  AP-1  activity  and  restoring
impaired  Smad  signaling,  suggesting  that  PDE  may  be useful  as  an  effective  anti-photoaging
agent.
©  2014  The  Authors.  Published  by Elsevier  Ireland  Ltd.  This  is  an  open  access  article  under
 BY-NCthe CC
1. Introduction
The process of skin aging can be divided into chrono-
logical (intrinsic) and photoaging (extrinsic). Chronological
aging is caused by the aging process and is highly corre-
lated  with genetic factors. Photoaging, in contrast, is mainly
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due to exposure to UV short wavelength light (UVB) and
is  characterized by severe wrinkling, pigmentary changes
and  collagen degradation [1,2].
UV irradiation causes marked changes in skin col-
lagenous tissues because of the breakdown of collagen, a
major  component of the extracellular matrix (ECM), which
also  includes type I collagen, elastin, proteoglycans, and
ﬁbronectin [3–5]. The disarrangement and fragmentation
of these proteins by UV irradiation advance the skin
aging process. UV irradiation also causes the generation
ccess article under the CC BY-NC-SA license (http://creativecommons.org/
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f reactive oxygen species (ROS) and up-regulates the
itogen-activated protein kinase (MAPK) cascades, which
n  turn regulate AP-1 [6]. Increased AP-1 activity induces
he  expression of MMPs, namely MMP-1, -3, and -9 in
uman skin [7] and inhibits type-I procollagen [8,9]. The
ranscriptional activity of AP-1, a heterodimer comprised of
-Fos  and c-Jun, is dependent on c-Fos and c-Jun expression
evels [8]. UV irradiation also changes transforming growth
actor  beta (TGF-)/Smad signaling, which regulates ECM
issue  genesis and metabolism through type I collagen pro-
uction.  TGF- inhibits growth of epidermal keratinocytes
nd stimulates growth of human dermal ﬁbroblasts [10].
n  addition, TGF- induces synthesis and secretion of
ajor  ECM proteins collagen and elastin [11] and inhibits
xpression of certain enzymes involved in the breakdown
f  collagen, including MMP-1 and MMP-3. The actions of
GF-  are up-regulated by Smad3 and antagonized by
mad7 [12,13].
Pinus  densiﬂora, which belongs to the family Pinaceae,
s commonly distributed in East Asian countries such as
hina  and Korea and widely consumed as a dietary sup-
lement or food to promote health [14]. P. densiﬂora is
nown  to contain numerous proanthocyanidins, which
re  the major polyphenols in red wine and have potent
ntioxidant activity [15,16]. It has been reported that PDE
nhibits  both tyrosinase activity and L-DOPA oxidation
17]. However, it is not known whether PDE exerts anti-
hotoaging effects on human ﬁbroblasts. Therefore, we
nvestigated whether PDE affects UVB-induced expres-
ion  of MMPs  and type I procollagen, as well as activity
f  elastase in human ﬁbroblast cells, Hs68. We  found
hat PDE protects the cells from UVB-induced photo-
amage by suppressing the underlying mechanisms of
amage.
.  Materials and methods
.1.  Chemicals
Gelatin, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
MTT),  Coomassie blue R-250, TritonX-100, isopropanol,
ethanol, trichloroacetic acid (TCA), ascorbic acid, elastase
ubstrate IV, porcine elastase, HCl, sodium dodecyl sulfate
SDS),  Trizma base, acetic acid, ursolic acid and dimethyl
ulfoxide (DMSO) were purchased from Sigma-Aldrich
hemicals (St. Louis, MO,  USA). Fetal bovine serum (FBS),
nti–anti, trypsin-EDTA, and Dulbecco’s Modiﬁed Eagle’s
edium (DMEM) were purchased from Gibco (Invitrogen,
arlsbad, CA, USA).
.2.  Preparation of plant extract
The extracts from P. densiﬂora stem bark were pur-
hased from Korea Plant Extract Bank, Korea Research
nstitute of Bioscience & Biotechnology (Daejon, Korea).
ccording to extraction method of the supplier, the plant
aterial was washed, sliced and completely dried in a
ot-air  oven at 70 ◦C. The MeOH solution was ﬁltered and
vaporated under vacuum to give a MeOH extract. Theorts 1 (2014) 658–666 659
plant  extract was  dissolved in dimethylsulfoxide (DMSO)
and  used as sample for screening tests.
2.3. Cell culture
Hs68  cells were kindly gifted by Dr. J. K. Hwang (Yonsei
University, Seoul, Korea). The cells were grown in DMEM
supplemented with 1% Anti–anti and 10% FBS in 5% CO2
at 37 ◦C. The cells were subcultured following trypsiniza-
tion and used for experiments between the 15th and 25th
passages.
2.4.  UVB irradiation
Hs68  cells were treated with various concentrations (10
or  50 g/mL) of PDE in serum-free medium for 24 h and
then  exposed to UVB light (100 mJ/cm2) with a 312-nm
UVB light source (VL-6.LM; Vilber Lourmat, Marne-la-
Vallée Cedex 1, France) for 38 s. According to Rigel et al.
[18],  average daily UVB radiation exposure received by
study  volunteers (4 high school students at Riverdale Coun-
try  School, New York, NY) was  8.01 mJ/cm2/day. In this
experiment, we used UVB radiation at 100 mJ/cm2, which
is  equivalent to approximately 12.5 days of sun exposure.
After UVB irradiation, the cells were cultured in serum-free
medium for 24 h.
2.5. Cell viability
Cell  viability was determined using the MTT  colori-
metric assay. Hs68 cells cultured in 6-well plates (4 × 106
cells/well) were treated with various concentrations of PDE
for  24 h and exposed to UVB (100 mJ/cm2), then incubated
for 24 h in serum-free medium. Cells were then incu-
bated with 1 mg/mL  MTT  for 2 h at 37 ◦C. MTT/formazan
was extracted by overnight incubation at 37 ◦C with 1 mL
extraction buffer [10% triton X-100, 89% isopropanol and
11%  1 N HCl] and optical densities at 570 nm were mea-
sured.
2.6.  Diphenylpicrylhydrazyl (DPPH) radical scavenging
activity
Reaction mixtures containing a methanol solution of
200  M DPPH (100 L) and serial dilutions of different con-
centrations of PDE (ranging from 50 to 500 g/mL) were
placed in a 96-well microplate at room temperature in
the  dark for 30 min. After incubation, the absorbance was
read  at 517 nm by an ELISA reader (TECAN M200, Salzburg,
Austria). Ascorbic acid was measured as a positive con-
trol.  Scavenging activity was determined by the following
equation:
%  scavenging activity =
[
1 −
(
Asample
Acontrol
)]
× 1002.7. Measurement of elastase activity
Elastase inhibition was investigated using elastase from
porcine  pancreas. Elastase (500 U) was dissolved in 5 mL
logy Rep660 H.-Y. Jung et al. / Toxico
of 10 mM Tris buffer solution (pH 6.0) and 5 mg  elastase
substrate IV was dissolved in 5 mL  of 100 mM Tris buffer
solution (pH 8.0). To measure elastase activity, 100 L
of  100 mM Tris buffer solution (pH 8.0), 25 L of elas-
tase substrate IV solution, 50 L of sample solution, and
25  L of elastase solution were dispensed into each well
of  a 96-well plate and incubated for 20 min  at room tem-
perature. Elastase activity was quantiﬁed by measuring
light absorbance at 405 nm by a microplate reader (TECAN
M200, Salzburg, Austria). Each assay was carried out in trip-
licate.  The inhibition rate of elastase was calculated by the
equation:
Inhibition(%)  =
[
1 − (C  − D)
(A − B)
]
× 100
where A indicates the absorbance with enzyme but with-
out  sample, B indicates the absorbance without enzyme or
sample,  C indicates the absorbance with enzyme and sam-
ple,  and D indicates the absorbance without enzyme but
with  sample.
2.8. Western blotting for MMP-1 and type I procollagen
Cells were harvested and lysed with RIPA lysis buffer
(Cell Signaling, Beverly, MA,  USA.). Protein concentration
in the cells was measured using Bradford reagent (Bio-Rad,
Hercules, CA, USA) with bovine serum albumin as a stan-
dard.  Cell lysates containing equal amounts of total protein
were  separated by electrophoresis on SDS-polyacrylamide
gel and then transferred to a PVDF membrane (Hybond-
P,  Amersham Pharmacia Biotech Inc., Piscataway, NJ, USA).
The  membranes were blocked with 5% nonfat dry milk in
PBS-T  and subsequently incubated with primary antibod-
ies  against MMP-1 and type I procollagen were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). The
MMP-1  antibody is able to detect a pro form of MMP-1.
Speciﬁc reactive bands were detected with a horseradish
peroxidase-conjugated secondary antibody (Santa Cruz,
CA,  USA) and the immunoreactive bands were visualized by
the  enhanced chemiluminescence (ECL) detection system
(Millipore Corporation, Bedford, MA,  USA).
2.9. Zymography for MMP-2
MMP-2  activity in cell culture medium was evaluated
by gelatin zymography. After UVB irradiation, Hs68 cells
were  cultured for 24 h. The total medium of each well was
collected and precipitated with 20% TCA. Equal amounts
of  each sample were mixed with zymography sample
loading buffer (Bio-Rad, Hercules, CA, USA) and separated
by  electrophoresis through a 10% SDS-polyacrylamide gel
containing  0.1% gelatin. The gels were washed with 2.5%
Triton  X-100 on an orbital shaker for 1 h at room temper-
ature to remove the SDS and incubated in 50 mL  reaction
buffer (50 mM Tris–HCl, pH 7.5, 10 mM CaCl2 and 0.15 M
NaCl)  at 37 ◦C for 24 h. The bands were visualized by stain-
ing  with 0.1% Coomassie brilliant blue R-250 followed by
destaining with 50% methanol-acetic acid in water. The
area  of light translucent zones over the blue backgroundorts 1 (2014) 658–666
was  determined by a densitometric program to estimate
gelatinase activity
2.10.  RNA isolation and cDNA synthesis and real-time
quantitative PCR
Total  RNA was prepared by an RNeasy Mini kit (QIAGEN)
according to the manufacturer’s instructions. The integrity
of  RNA was assessed by an automated microﬂuidics-based
system (Bioanalyzer 2100, Agilent, Palo Alto, CA). First
strand cDNA was  synthesized with the iScript cDNA Syn-
thesis  Kit (Bio-Rad, Hercules, CA) and real-time PCR was
performed using iCycler iQ Real-Time Detection System
(Bio-Rad). PCR reactions were carried out with iQ SYBR
Green  Supermix (Bio-Rad). Speciﬁc primer pairs (Genotech,
Daejeon, Korea) are as follows: MMP-1 forward 5′-GCA TAT
CGA  TGC TGC TCT TTC-3′, MMP-1 reverse 5′-GAT AAC CTG
GAT  CCA TAG ATC GTT-3′, MMP-2 forward 5′-GGA GGA GAA
GGC  TGT GTT-3′, MMP-2 reverse 5′-TAA AGG CGG CAT CCA
CTC-3′, MMP-3 forward 5′-CAA AAC ATA TTT CTT TGT AGA
GGA  CAA-3′, MMP-3 reverse 5′-TTC AGC TAT TTG CTT GGG
AAA-3′, MMP-9 forward 5′-ATG TAC CCT ATG TAC CGC TTC-
3′, MMP-9 reverse 5′-GTG TGG TGG TGG TTG GAG-3′, c-Jun
forward  5′-AAT AAC ACA GAG AGA CAG ACT TG-3′, c-Jun
reverse 5′-CTT GGA TAC CCT TGG CTT TAG-3′, c-Fos forward
5′-GTG TGT ATT GTT CCC AGT GA-3′, c-Fos reverse 5′-AGT
TAA  TGC TAT GAG AAG ACT AAG G-3′, Smad3 forward 5′-
GGC  TGC TCT CCA ATG TCA-3′, Smad3 reverse 5′-CAC TCT
GCG  AAG ACC TCC-3′, Smad7 forward 5′-TTC CCT CCA AGA
AGG  ATT TG-3′, Smad7 reverse 5′-ACG AGT GTA TGA GTT
GTA  GAA G-3′, -actin forward 5′-GCG AGA AGA TGA  CCC
AGA  T-3′ and -actin reverse 5′-ATC ACG ATG CCA GTG
GTA-3′, the latter two  of which were used as an inter-
nal control. Ampliﬁcation of real-time PCR was performed
according to the protocols of Jung et al. [37], with modi-
ﬁcation, Brieﬂy. The reaction was carried out at 95 ◦C for
3  min  and followed by 39 cycles of ampliﬁcation (95 ◦C for
10  s, 58 ◦C for 10 s, 72 ◦C for 30 s). A melt curve was pro-
duced to conﬁrm a single gene-speciﬁc peak and detect
primer/dimer formation by heating the samples from 65 to
95 ◦C in 0.5 ◦C increments with a dwell time at each temper-
ature of 10 s while continuously monitoring ﬂuorescence.
The mRNA levels of speciﬁc genes were normalized to those
of  -actin.
2.11. Enzyme-linked immunosorbent assay (ELISA)
Hs68 cells were cultured in a 6-well plate (4 × 106
cells/well) and pretreated with PDE (10 or 50 g/mL) for
24  h. The cells were washed with PBS, irradiated with UVB
(100  mJ/cm2) through a thin layer of PBS, and then incu-
bated with serum-free DMEM.  After 24 h, Pro-MMP-1 in
culture  medium was quantiﬁed by using a human MMP-1
ELISA  kit (QIA55; Merck & Co. Inc., Whitehouse Station, NJ,
USA)  according to the manufacturer’s instructions.
2.12. StatisticsStatistical analyses were performed using GraphPad
Prism software (version 5.0 GraphPad Software, USA). The
signiﬁcance of differences between groups was evaluated
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Fig. 1. Antioxidant effect and elastase inhibition of Pinus densiﬂora extracts (PDE). (A) DPPH radical scavenging activity of PDE. (B) The inhibition (%) of
porcine  elastase activity of PDE. Ursolic acid was  used as positive control. (n = 3; signiﬁcant difference versus CTRL: * <0.01, *** <0.0001) Ascorbic: Ascorbic
a
b
T
P
3
3
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tcid,  U.A.: Ursolic acid).
y one-way analysis of variance (ANOVA) followed by
ukey’s  post hoc test or Student’s t-test and values of
 < 0.05 were considered to be statistically signiﬁcant.
. Results
.1. Antioxidant and elastase inhibition effects of PDE
.1.1. Scavenging of DPPH radicals
The free radical scavenging activity of PDE (50–
00 g/mL) and ascorbic acid (50 g/mL) is shown in
ig.  1A. PDE induced DPPH radical scavenging activity in
 dose-dependent manner..1.2.  Effects of PDE on elastase activity
We found that PDE inhibited elastase activity (range:
0.7 ± 10.5% at 50 g/mL to 77.9 ± 1.5% at 500 g/mL) and
hat  the inhibitory effect elicited by PDE at 100 g/mL(83.9 ± 1.3%) was more signiﬁcant than that elicited by
ursolic  acid (positive control) at 10 M (57.8 ± 8.7%)
(Fig. 1B). Elastase inhibitors have anti-wrinkle function,
and ursolic acid is one of the most commonly used elastase
inhibitors [19].
3.2.  Effects of PDE on cell viability in UVB-exposed Hs68
cells
The  cytotoxic effects of PDE and UVB on Hs68 cells were
measured by MTT  assay. Treatment of Hs68 cells with PDE
at  various concentrations from 50 to 200 g/mL for 24 h
exhibited that cell viability was  not signiﬁcantly reduced
(Fig.  2A) at PDE levels up to 200 g/mL. To examine the
cytotoxic effects of UVB, Hs68 cells were exposed to UVB
irradiation with various UVB energy sources within a range
of  20 to 200 mJ/cm2. At 24 h after UVB exposure, cell viabil-
ity  was signiﬁcantly reduced in a dose-dependent manner
662 H.-Y. Jung et al. / Toxicology Rep
Fig. 2. Effects of PDE on Hs68 cell viability. (A) Hs68 cells were treated
with various concentrations of PDE for 24 h and cytotoxicity was  deter-
mined by MTT  assay. (B) Cell viability of Hs68 cells exposed to various UVB
irradiation intensities prior to 24 h incubation. (C) Protective effects of PDE
against UVB-induced cell death. Hs68 cells were treated with different
doses of PDE for 24 h and then the cells were exposed to UVB (100 mJ/cm2)
irradiation. After UVB exposure, fresh media was added. At 24 h after UVB
irradiation, percent cell viability was assessed by MTT  assay. Results are
expressed as the mean ± SD (% control) of three independent experiments.
(* P < 0.05, ** P < 0.005 and *** P < 0.0001 versus UVB-treated control. Values
determined by one-way analysis of variance and subsequently applying
Tukey’s test; # P < 0.01 versus control group by the student’s t-test)
degraded by MMP-2 and -9 [21,22]. The gelatinase activ-
ity  of MMP-2 and -9 play a critical role in the formation
of wrinkles by UV irradiation [23], while MMP-3 acti-(Fig. 2B). The protective effects of PDE against UVB-induced
cytotoxicity in Hs68 cells were then investigated. When
UVB-exposed Hs68 cells were treated with PDE at various
concentrations, cell viability was substantially increased
(Fig. 2C).orts 1 (2014) 658–666
3.3.  Effects of PDE on UVB-induced MMP-1 production,
Type I procollagen protein expression and MMPs mRNA
expression
To  evaluate the effects of PDE on MMP-1 produc-
tion in UVB-exposed Hs68 cells, cells were exposed to
UVB  (100 mJ/cm2) and secreted MMP-1 was measured
by using an MMP-1 ELISA assay kit. PDE reduced UVB-
induced MMP-1 production by 32% at 10 g/mL and 73% at
50  g/mL compared with the UV-induced control (Fig. 3A).
To  investigate the effects of PDE on UVB-mediated expres-
sion  of MMPs, MMP-1, -3 and -9 mRNA levels were
measured by real-time PCR. PDE (10 or 50 g/mL) dramati-
cally attenuated MMP-1, -3 and -9 mRNA levels (Fig. 3B–D).
Moreover, PDE treatment suppressed UVB-induced up-
regulation of MMP-1 protein and increased UVB-induced
down-regulation of type I procollagen protein in the cells
(Fig.  3E).
3.4.  Effects of PDE on UVB-induced MMP-2 secretion and
mRNA  expression
MMP-2 is a UVB-inducible MMP  that plays an important
role in photoaging. Fig. 4A and B shows that UVB irradiation
led  to the activation of MMP-2 in Hs68 cells and that this
increase was inhibited by treatment of the cells with PDE. In
addition,  UVB-mediated induction of MMP-2 mRNA levels
in  Hs68 cells was  also decreased by treatment with PDE
(Fig.  4C).
3.5.  Effects of PDE on UVB-induced expression of c-Jun,
c-Fos, Smad3, and Smad7
To  determine whether PDE inhibited UVB-induced
expression of MMPs  in Hs68 cells by blocking AP-1 sig-
naling, we  examined the effects of PDE on UVB-induced
expression of c-Jun and c-Fos. Fig. 5 shows that UVB irradi-
ation  induced expression of c-Jun and c-Fos in Hs68 cells, an
effect  that was  inhibited by PDE treatment (Fig. 5A and B).
To  determine whether PDE increases the expression of type
I  procollagen by blocking the effects of UVB irradiation on
the  TGF-/Smad pathway, Smad3 and Smad7 mRNA levels
in  UVB-irradiated Hs68 cells were determined by real-time
PCR  analysis. mRNA levels of Smad3 were increased by
1.7-fold  at 10 g/mL and 1.2-fold at 50 g/mL, meaning
that this effect did not occur in a dose dependent manner.
Smad7 levels were reduced by 2-fold at 10 g/mL in PDE-
treated cells compared with the UV-irradiated control cells
(Fig.  5C, D).
4.  Discussion
MMPs  play an essential role in the physiological mech-
anism of skin photoaging induced by UV irradiation. UVB
exposure causes connective tissue damage of the skin due
to  overexpression of MMPs  [20]. MMP-1 initially cleaves
types I, III, VII, VIII, and X collagens, which are then furthervates proMMP-1. Therefore, topical MMP  inhibitors may
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Fig. 3. Effect of PDE on MMP-1 production, MMPs  mRNA expression and type 1 pro-collagen protein in UVB-induced Hs68 cells. Hs68 cells were treated
with  various concentrations of PDE for 24 h and then exposed to UVB irradiation (100 mJ/cm2). At 24 h after UVB exposure, (A) release of MMP-1 into the
culture  media was  determined by ELISA and (B–D) the expression of MMP-1, -3, -9 mRNA was measured by real-time PCR. -Actin was used as an internal
control  for real-time PCR. (E) The expression of MMP-1 and type 1 pro-collagen (Pro-COL) protein was determined by Western blotting. Data are shown
a # ###  0.001 v ***
c ’s test).
b
k
t
b
r
(
H
s
h
ps  the mean ± SD of three independent experiments ( P < 0.05 and P <
ontrol by one-way analysis of variance and subsequently applying Tukey
e effective at preventing UVB-induced formation of wrin-
les.  In this study, we found that PDE signiﬁcantly inhibited
he  expression of MMP-1, -2, -3, and -9 mRNA induced
y UVB irradiation (Figs. 3B–D and 4C). In addition, PDE
educed UVB-induced overexpression of MMP-1 protein
Fig.  3A and E) and activation of MMP-2 (Fig. 4A and B).
owever, PDE does not enhance MMP-9 activity (data not
hown).  Previous studies have reported that irradiation of
uman  ﬁbroblast cells with UVB causes a decrease in type I
rocollagen  expression, resulting in photoaging of the skinersus control group by student’s t-test; P < 0.0005 versus UVB-treated
[24].  In this study, we also found that type I procollagen was
downregulated by UVB irradiation in Hs68 cells but recov-
ered  when the cells were treated with PDE (Fig. 3E). Taken
together, these results suggest that PDE potentially affects
anti-photoaging by downregulating MMPs  and upregulat-
ing  collagen synthesis.Elastin  also plays an important role in the ECM of
dermis; elastin degradation leads to line and wrinkle for-
mations  in the skin [25]. It has been shown that damage
to  the elastic ﬁber network in the skin of hairless mice
664 H.-Y. Jung et al. / Toxicology Reports 1 (2014) 658–666
Fig. 4. Effect of PDE on UV-induced expression of MMP-2 in human ﬁbroblasts. (A and B) Zymography assay showing the effect of PDE on MMP-2 activity
in  the culture medium of human ﬁbroblasts. (C) Quantitative MMP-2 mRNA expression was analyzed by real-time PCR. The data represent mean ± SD (#
 and ***P < 0.05 and ## P < 0.01 versus control group by student’s t-test; ** P < 0.005
subsequently  applying Tukey’s test).
was responsible for wrinkling of UVB-exposed skin [19].
Therefore, agents that inhibit elastase activity are an ideal
candidate for the treatment or prevention of skin photoag-
ing.  Based on this evidence, we investigated the inhibitory
effects of PDE on elastase activity. The results showed that
treatment of Hs68 cells with PDE (100 g/mL) inhibited
elastase activity more than treatment with ursolic acid did
(Fig.  1B), indicating that PDE prevents photoaging via elas-
tase  inactivation.
UV  irradiation stimulates cell surface growth factor
receptors, cytokines, and mitogen activated protein kinases
(MAPKs), which in turn regulate AP-1. Increased AP-1
activity downregulates type I procollagen and upregu-
lates MMP-1. MMP-1 gene expression is regulated by
c-Jun  and c-Fos, components of the AP-1 heterodimer
complex [6,22]. Here, we found that PDE suppressed UV-
induced  c-Jun and c-Fos mRNA expression (Fig. 5A and B),
which  may  inhibit AP-1 activity and MMP-1 expression.
UV irradiation also alters TGF-/Smad signaling, which
modulates ECM metabolism and tissue genesis via the
production of type I collagen [12,13]. TGF- binds to the
TGF-  receptor complex, thereby regulating cellular func-
tions.  This receptor-ligand binding causes the activation
of  Smad2 and Smad3, which induces the expression of
TGF-  target genes. Smad7 antagonizes TGF- signaling byP < 0.001 versus UVB-treated control by one-way analysis of variance and
suppressing Smad2 and Smad3. UV irradiation increases
Smad7 mRNA and protein levels, which consequently
impairs TGF-/Smad signaling [6,22]. Smad3 sends a TGF-
  signaling cascade from the cell-surface receptor to the
procollagen gene promoter in human dermal ﬁbroblasts
[26,27]. In our current study, PDE restored expression of
Smad3  and Smad7 in UVB-irradiated ﬁbroblasts (Fig. 5C
and  D), indicating that PDE restores impaired TGF-/Smad
signaling via regulating the expression of Smad3 and
Smad7.
Crude extracts of plant materials rich in phenolic con-
tent  are of interest to the cosmetic industry because of their
activities of anti-oxidation and antiphotoaging by inhibit-
ing  the activation of MMPs. Some studies have shown that
polyphenol-rich extracts of C. arabica [28] and Termina-
lia  catappa L. [29] prevented skin cells from UVB-induced
photoaging by inhibiting the activation of MMPs. In addi-
tion,  the polyphenol epigallocatechin-3-gallate (EGCG) in
green  tea prevents UVB-induced expression of MMP-1,
-8,  and MMP-13 [30] and that equol from soy inhibits
UV-induced expression of MMP-1 and type I procollagen
[31,32]. This report is the ﬁrst to demonstrate that PDE is
a  potent antioxidant, as shown by its ability to scavenge
DPPH free radicals, and inhibits photo-induced expression
and  secretion of MMPs. According to the previous studies,
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Fig. 5. Effect of PDE on expression of c-Jun, c-Fos, Smad3, and Smad7. Quantitative measures for (A) c-Fos mRNA expression, (B) c-Jun mRNA expression,
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m ’s t-test
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t
s
a
c
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i
a
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P
t
C
eC)  Smad3 mRNA expression and (D) Smad7 mRNA expression in Hs68 c
ean  ± SD (# P < 0.05 and ### P < 0.005 versus control group by student
ne-way analysis of variance and subsequently applying Tukey’s test).
he stem bark of P. densiﬂora contains catechin, which
hows the excellent anti-oxidant property and inhibits the
ctivities  of elastase and MMPs  [33–36], suggesting that
atechin might be an important antiphotoaging component
n  PDE.
Taken together, these ﬁndings show that PDE exerts
ntiphotoaging effects in ﬁbroblasts, thus showing promise
s  a way to prevent and treat skin photoaging. However,
urther studies, particularly in animal models, are neces-
ary  to explain PDE’s anti-aging properties and characterize
he  underlying mechanisms in vivo.
. Conclusion
We  determine that PDE scavenged DPPH radicals, inhib-
ted  elastase activity, altered TGF-/Smad signaling and
ttenuated UVB-induced overexpression of MMP-1, 2, 3,
nd  9, thereby increasing type I procollagen expression.
DE, therefore, could be a promising agent for the preven-
ion  of photodamage.onﬂict of interest
The  authors declare that there are no conﬂicts of inter-
st.iated with UVB were determined by real-time PCR. The data represent
; * P < 0.05, ** P < 0.005 and *** P < 0.0001 versus UVB-treated control by
Transparency document
The  Transparency document associated with this article
can be found in the online version.
Acknowledgements
The work was  supported by the Ministry of Knowledge
Economy, Korea Institute for Advancement of Technol-
ogy through the Inter-ER Cooperation Projects (R0000698).
This research was  also ﬁnancially supported by Current
Subsidies of Pohang city.
References
[1] G.J. Fisher, S. Kang, J. Varani, Z. Bata-Csorgo, Y. Wan, S. Datta, J.J.
Voorhees, Mechanisms of photoaging and chronological skin aging,
Arch.  Dermatol. 138 (2002) 1462–1470.
[2]  B.A. Gilchrest, Skin aging and photoaging: an overview, J. Am.  Acad.
Dermatol. 21 (1989) 610–613.
[3] J. Varani, P. Perone, S.E. Fligiel, G.J. Fisher, J.J. Voorhees, Inhibition of
type  1 procollagen production in photodamage: correlation between
presence of high molecular weight collagen fragments and reduced
procollagen synthesis, J. Invest. Dermatol. 119 (2002) 122–129.[4] F. Bernerd, Human skin reconstructed in vitro as a model to study
the  keratinocyte, the ﬁbroblast and their interactions: photodamage
and repair processes, J. Soc. Biol. 199 (2005) 313–320.
[5]  D.R. Bickers, M.  Athar, Oxidative stress in the pathogenesis of skin
disease, J. Invest. Dermatol. 126 (2006) 2565–2575.
logy Rep
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[666 H.-Y. Jung et al. / Toxico
[6] S.H. Yang, A.D. Sharrocks, A.J. Whitmarsh, Transcriptional regulation
by  the MAP  kinase signaling cascades, Gene 320 (2003) 3–21.
[7] J.Y. Shin, W.  Hur, J.S. Wang, J.W. Jang, C.W. Kim, S.H. Bae, HCV core
protein promotes liver ﬁbrogenesis via up-regulation of CTGF with
TGFbeta1, Exp. Mol. Med. 37 (2005) 138–145.
[8]  Y. Xu, G.J. Fisher, Ultraviolet (UV) light irradiation induced signal
transduction in skin photoaging, J. Dermatol. Sci. 1 (2005) S1–S8.
[9] G.J. Fisher, Z.Q. Wang, S.C. Datta, J. Varani, S. Kang, J.J. Voorhees,
Pathophysiology of premature skin aging induced by ultraviolet light,
N.  Engl. J. Med. 337 (1997) 1419–1428.
10] J. Massague, How cells read TGF- signals, Nat. Rev. 1 (2000)
169–178.
11]  J. Massague, TGF-beta signal transduction, Annu. Rev. Biochem. 67
(1998)  753–791.
12] T. Quan, T. He, J.J. Voorhees, G.J. Fisher, Ultraviolet irradiation
blocks cellular responses to transforming growth factor-beta by
down-regulating its type-II receptor and inducing Smad7, J. Biol.
Chem. 276 (2001) 26349–26356.
13] T. Quan, T. He, S. Kang, J.J. Voorhees, G.J. Fisher, Solar ultraviolet
irradiation reduces collagen in photoaged human skin by blocking
transforming growth factor-beta type II receptor/Smad signaling,
Am.  J. Pathol. 165 (2004) 741–751.
14] K.Y. Kim, H.J. Chung, Flavor compounds of pine sprout tea and pine
needle  tea, J. Agric. Food Chem. 48 (2000) 1269–1272.
15]  T. Ariga, M.  Hamano, Radical scavenging action and its mode in pro-
cyanidins B-1 and B-3 from Azuki beans to peroxyl radicals, Agric.
Biol.  Chem. 54 (1990) 2499–2504.
16] J.M. Ricardo da Silva, N. Darman, Y. Fernandez, S. Mitjavila, Oxy-
gen  free radical scavenger capacity in aqueous models of different
procyanidins from grape seeds, J. Agric. Food Chem. 39 (1991)
1549–1552.
17]  J.H. Hwang, B.M. Lee, Inhibitory effects of plant extracts on tyrosinase,
l-DOPA oxidation, and melanin synthesis inhibitors of tyrosinase and
melanin  synthesis, J. Toxicol. Environ. Health 70 (2007) 393–407.
18] E.G. Rigel, M.  Lebwohl, A.C. Rigel, D.S. Rigel, Daily UVB exposure lev-
els  in high-school students measured with digital dosimeters, J. Am.
Acad.  Dermatol. 49 (6) (2003) 1112–1114.
19]  N. Tsuji, S. Moriwaki, Y. Suzuki, Y. Takema, G. Imokawa, The role of
elastases  secreted by ﬁbroblasts in wrinkle formation: implication
through selective inhibition of elastase activity, Photochem. Photo-
biol.  74 (2001) 283–290.
20] J. Uitto, The role of elastin and collagen in cutaneous aging: intrinsic
aging versus photoexposure, J. Drugs Dermatol. 7 (2008) s12–s16.
21] H. Nagase, R. Visse, G. Murphy, Structure and function of matrix
metalloproteinases and TIMPs, Cardiovasc. Res. 69 (2006) 562–573.
22] L. Rittie, G.J. Fisher, UV-light-induced signal cascades and skin aging,
Ageing Res. Rev. 1 (2002) 705–720.
23] H. Steinbrenner, M.C. Ramos, D. Stuhlmann, H. Sies, P. Brenneisen,
UVA-mediated downregulation of MMP-2 and MMP-9 in human epi-
dermal  keratinocytes, Biochem. Biophys. Res. Commun. 308 (2003)
486–491.
24] M.S. Kim, G.H. Oh, M.J. Kim, J.K. Hwang, Fucosterol inhibits matrix
metalloproteinase expression and promotes type-1 procollagen
[orts 1 (2014) 658–666
production  in UVB-induced HaCaT cells, Photochem. Photobiol. 89
(2013)  911–918.
25] J. Labat-Robert, L. Robert, Aging of the extracellular matrix and its
pathology, Exp. Gerontol. 23 (1988) 5–18.
26]  S.J. Chen, W.  Yuan, Y. Mori, A. Levenson, M.  Trojanowska, J. Varga,
Stimulation of type I collagen transcription in human skin ﬁbroblasts
by  TGF-beta: involvement of Smad3, J. Invest. Dermatol. 112 (1999)
49–57.
27]  M.S. Choi, M.S. Yoo, D.J. Son, H.Y. Jung, S.H. Lee, J.K. Jung, B.C. Lee,
Y.P.  Yun, H.B. Pyo, J.T. Hong, Increase of collagen synthesis by obo-
vatol  through stimulation of the TGF-beta signaling and inhibition
of matrix metalloproteinase in UVB-irradiated human ﬁbroblast, J.
Dermatol.  Sci. 46 (2007) 127–137.
28] H.M. Chiang, T.J. Lin, C.Y. Chiu, C.W. Chang, K.C. Hsu, P.C. Fan, K.C.
Wen,  Coffea arabica extract and its constituents prevent photoaging
by  suppressing MMPs expression and MAP  kinase pathway, Food
Chem.  Toxicol. 49 (2011) 309–331.
29] K.C. Wen, I.C. Shih, J.C. Hu, S.T. Liao, T.W. Su, H.M. Chiang, Inhibitory
effects of Terminalia catappa on UVB-induced photo-damage in
ﬁbroblast cell line, Evid.-Based Complement Alternat. Med. (2011)
904532.
30]  J.Y. Bae, J.S. Choi, Y.J. Choi, S.Y. Shin, S.W. Kang, S.J. Han, Y.H.
Kang, (-)Epigallocatechin gallate hampers collagen destruction and
collagenase activation in ultraviolet-B-irradiated human dermal
ﬁbroblasts: involvement of mitogen-activated protein kinase, Food
Chem.  Toxicol. 46 (2008) 1298–1307.
31] S.Y. Kim, S.J. Kim, J.Y. Lee, W.G. Kim, W.S. Park, Y.C. Sim, S.J. Lee,
Protective effects of dietary soy isoﬂavones against UV-induced
skin-aging in hairless mouse model, J. Am. Coll. Nutr. 23 (2004)
157–162.
32]  V.E. Reeve, S. Widyarini, D. Domanski, E. Chew, K. Barnes, Protection
against photoaging in the hairless mouse by the isoﬂavone equol,
Photochem. Photobiol. 81 (2005) 1548–1553.
33]  M.  Demeule, M.  Brossard, M.  Pagé, D. Gingras, R. Béliveau, Matrix
metalloproteinase inhibition by green tea catechins, Biochim. Bio-
phys.  Acta 1478 (2000) 51–60.
34] Y. Kim, H. Uyama, S. Kobayashi, Inhibition effects of
(+)-catechinaldehyde polycondensates on proteinases causing
proteolytic degradation of extracellular matrix, Biochem. Biophys.
Res.  Commun. 320 (2004) 256–261.
35] G.W. Plumb, S. De Pascual-Teresa, C. Santos-Buelga, V. Cheynier, G.
Williamson, Antioxidant properties of catechins and proanthocyani-
dins: effect of polymerisation: galloylation and glycosylation, Free
Radical  Res. 29 (1998) 351–358.
36] M.  Sato, S.Q. Islam, S. Awata, T. Yamasaki, Flavanonol glucoside
and proanthocyanidins: oviposition stimulants for the ceramby-
cid beetle, Monochamus alternatus, J. Pestic. Sci. 24 (1999) 123–
129.37]  H.Y. Jung, Y.H. Kim, I.B. Kim, J.S. Jeong, J.H. Lee, M.S. Do, S.P. Jung,
K.S.  Kim, K.T. Kim, J.B. Kim, The Korean mistletoe (viscum album
coloratum) extract has an antiobesity effect and protects against hep-
atic  steatosis in mice with high-fat diet-induced obesity, Evid-Based
Complement Alternat. Med. (2013) 168207.
